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We present a new approach to the fi-B^ problem of gauge mediated supersymmetry breaking. 
Rather than reducing the generically large contribution to B^ we point out that acceptable elec- 
troweak symmetry breaking can be achieved with /x 2 <C B^ if at the same time B^ <C m \ ■ This 
hierarchy can easily appear in models where the Higgs fields are directly coupled to the supersym- 
metry breaking sector. Such models can yield novel electroweak symmetry breaking vacua, can deal 
with the supersymmetric flavor and CP problems, allow for gauge coupling unification, and result 
in distinct phenomenological predictions for the spectrum of superparticles. 



Introduction. Supersymmetry (SUSY) is a very 
attractive candidate for explaining the stability of the 
weak scale against radiative corrections. However, it 
suffers from nagging problems such as the SUSY flavor 
problem, the SUSY CP problem, and the fj, problem. 
The SUSY flavor problem points toward gauge mediated 
SUSY breaking (GMSB) [1]. However, GMSB itself suf- 
fers from the variant of the fi problem called the /U--B„ 
problem [2(. The problem lies in the fact that generic 
GMSB models predict the relation w 167T 2 // 2 li 2 
which prevents electroweak symmetry breaking (EWSB) 
if the soft masses in the Higgs sector are of the same or- 
der as li. Typically, solving the [i-B^ problem is achieved 
by introducing some additional dynamics that ensures 
B u < M 2 (see e.g. 00,|). 

In this letter we propose a new approach to the [i-B^ 
problem. We point out that the GMSB relation B^ ^> fi 2 
does not pose any problem if we allow the other mass 
parameters in the Higgs sector to also display a hierarchy. 
In particular, we argue that the pattern 



'H, 



< B u < m 



H d 



(1) 



leads to viable EWSB. We show that this hierarchical 
pattern with the down-type Higgs soft mass dominat- 
ing over B^ can be naturally obtained in GMSB models 
where the Higgs multiplets are directly coupled to the 
SUSY breaking sector. Finally, we argue that the pat- 
tern in Eq. ([1]) leads to interesting novel phenomenology. 
Many more details of this scenario will be discussed in [5| . 

The H-Bfj, problem. Let us begin by reviewing the 
H~B^ problem of GMSB. The tree level equations for the 
Higgs vacuum expectation values are given by 
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Here we adopt the convention > 0. The first of these 
equations represents a problematic aspect of the minimal 



supersymmetric standard model (MSSM) known as the 
fi problem: the SUSY preserving parameter fj, is required 
to be related to the SUSY breaking masses and, in the 
absence of fine-tuning, both should be of the order of the 
weak scale. A solution to the problem can arise if fi is 
generated in conjunction with SUSY breaking. In the 
limit of fi — 0, the MSSM has an enhanced Peccei-Quinn 
(PQ) symmetry. If SUSY breaking leads to the breaking 
of this (accidental) symmetry, a (i parameter of the cor- 
rect magnitude can be generated. While this idea can be 
elegantly realized in the context of gravity mediation 6 ] , 
it encounters a problem in the framework of GMSB 2}. 
In order to dynamically generate /i of order the SUSY 
breaking masses in GMSB, the PQ symmetry must be 
broken by coupling the Higgs fields directly to the SUSY 
breaking sector. Such couplings, however, typically gen- 
erate both jj, and B^ at one loop, leading to the relation 
B^ w 16it 2 li 2 3> /i 2 . This is said to be problematic for 



the following reason. If m H 
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\i , as suggested 



naively by Eq. © , then Eq. ([3]) cannot be satisfied with 



Bf, > Li 



2 . If, on the other hand, 



'"7 



B„ 



Hu '"Hi " 

significant fine-tuning is needed to satisfy Eq. ((2|), since 
the experimental constraint of /i J> mz then requires 
m 2 H , m 2 H , B^ to be much larger than m 2 z . This is the 
notorious [i-B^ problem, which is considered to be one 
of the most serious problems of GMSB. 

Basic proposal. The common lore is that a solution 
to the ll-B^ problem must reduce the hierarchy between ll 
and B^. A close inspection of Eqs. reveals, however, 
that this is not necessary. To have a solution to Eq. © , it 



is sufficient that 2B^ < m H 



-2\ll\ 2 . This suggests 



a completely different approach to the [i-B^ problem: we 
can keep the generic GMSB relation B^ ^> and, at the 
same time, generate the hierarchy mj Id ^> B^ together 



with m 2 H 



To be more specific, let us consider the following simple 
pattern of the mass parameters in the Higgs sector: 
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where e«1 and Ah is the effective SUSY breaking scale 
in the Higgs sector. It is easy to see that the pattern of 
Eq. gj) leads to a correct EWSB vacuum. The EWSB 
stability condition 2\y\ 2 + m 2 H ^ +m 2 Hd > 2B^ is satisfied 
for m H > 0, since m H is parametrically larger than B^. 
Consequently, Eq. §5§ can be solved with 

m 2 rr 1 

tan/3 a^4«_. (5) 

The condition for EWSB is B 2 > (|^| 2 + mfjj (|m| 2 + 
m 2 Hd ). In a typical SUSY breaking scenario, this condi- 
tion is fulfilled as a result of renormalization group evolu- 
tion making m 2 H negative. While this could also happen 
in our scenario, it is not necessary. Since B 2 w y 2 m 2 Hd « 
m 2 H m 2 H , both sides of the above inequality are para- 
metrically of the same order of magnitude, and therefore 
the condition can be satisfied with positive m 2 H . The 
negative radiative corrections from top-stop loops are of 
course still present, but they do not have to be domi- 
nant. EWSB is then driven by the dynamics that gener- 
ate the boundary conditions, Eq. (j4]), rather than by the 
renormalization group (RG) evolution of the MSSM (see 
also for a related idea). 

Let us now look at the vacuum equation ([2]). The three 
contributions to the right-hand-side (RHS) are all of the 
same order /i 2 w rr? H w m% / tan 2 /3 « e 2 A H . This sug- 
gests that the pattern of Eq. (jU could potentially lead to 
a "fully natural" EWSB: if e 2 A 2 H sw m% the electroweak 
symmetry can be broken without any fine-tuning. Un- 
fortunately, a careful analysis shows that the situation is 
not that simple, and we still likely need some amount of 
cancellations in the RHS of Eq. ([2]) in realistic parameter 
regions. The reason is that satisfying the LEP II bound 
on the Higgs boson mass requires a rather heavy stop, 
TO£ > 1 TeV, which then feeds in as a large one-loop con- 
tribution of order (500 GeV) 2 to m H . One should be 
aware of the fact that if this "irreducible" fine-tuning is 
not eliminated there is no compelling motivation to con- 
sider the "fully natural" pattern of Eq. Instead, one 
can consider more general scenarios for the Higgs mass 
parameters which still lead to realistic EWSB without 
improving but not worsening the fine-tuning. In fact, 
theories discussed below can also lead to such a general- 
ization of Eq. (j4|). 

The "irreducible" fine-tuning described above may be 
ameliorated if we go beyond the MSSM with simple 
GMSB soft terms. Improving the situation requires ex- 
tra contributions to the Higgs quartic coupling and/or 
to the scalar trilinear couplings. Such contributions may 
appear due to direct couplings of the Higgs fields to the 
SUSY breaking sector, or with the aid of extra singlet 
fields. The possibility of raising rn 2 Hd with B^ k, fj, 2 was 
considered in the context of NMSSM-type models in 

Realization. Our approach to the [i-B^ problem re- 
quires some dynamics that naturally generates the pat- 
tern of Eq. (U)) or its variants. Moreover, a natural theory 



should relate the scale Ah to that for the gaugino, squark 
and slepton masses. In the following we explain how to 
achieve these by coupling the MSSM Higgs fields directly 
to the SUSY breaking sector. 

First, recall general features for the soft gaugino masses 
M a and scalar masses m 2 in the GMSB framework. Be- 
low we define our parameters at the scale M where 
SUSY breaking effects are mediated to the MSSM sec- 
tor. In perturbative gauge mediation, M corresponds to 
the mass scale for the messenger fields. Unless there is 
a special structure in the SUSY breaking sector (e.g. an 
approximate R symmetry), the soft masses take the form: 

M-^A. m}- £ (e) 

a— 1,2,3 

Here, g a are the MSSM gauge couplings evaluated at M, 
and Cf are the quadratic Casimir coefficients. The quan- 
tity N measures the number of SUSY breaking sector 
fields charged under the MSSM gauge group, and A is 
the effective SUSY breaking scale. In perturbative gauge 
mediation, A is the SUSY breaking mass squared split- 
ting divided by the SUSY mass for the messenger fields, 
F/M. Note that, in general, there can be 0(1) coeffi- 
cients in the RHSs of Eq. ([6]) . For general expressions for 
M a and mf in GMSB, see [§]. 

In order to generate y, and B^, we consider the super- 
potential couplings of the Higgs fields H U: d to operators 
U} d in the SUSY breaking sector 

C = Jd 2 9 {XuHuOu + \ d H d O d ) + h.c. (7) 

Here, X u ,d are the renormalized couplings at the scale M. 
By rescaling the operators O u> d we can always make the 
couplings \ u d dimensionless, and we adopt this conven- 
tion below. Note that our discussion here applies to a 
very large class of theories - the SUSY breaking sector 
can be strongly or weakly coupled, can contain single or 
multiple scales, and can lead to direct or indirect media- 
tion of SUSY breaking. 

After including the interactions in Eq. ([7|), the mass 
parameters in the Higgs sector receive a direct contribu- 
tion from the SUSY breaking sector. Assuming that the 
SUSY breaking sector does not have a special structure 
(such as an approximate PQ symmetry), the contribution 
is given by 

A* ~ A„Ad— —Ah, B^ « A n A d 2 A g , (8) 
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where Nh is the effective number of messenger fields cou- 
pled to H Ui d in Eq. ([7]). When the SUSY breaking sector 
is perturbative, A# is F/M of these fields, and the sign 
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of m 2 H is, as required, positive in the simplest models 
(in which Mi d are bilinears of messenger fields having 
generic M's and F's). Generically, we expect N ps Nh 
and A ps A//, although they can easily differ by model de- 
pendent 0(1) coefficients. Note that m H Hd also receive 
the contribution of Eq. ©, so that their values are given 
by the sum of Eqs. ([6]) and ([9]). Since the superparticle 
masses should not be much larger than a TeV to address 
the gauge hierarchy problem, the scales A and Ah are 
determined as 

A sa A H ~ 0(10 - 100) TeV. (10) 

For \ u4 ps 0(1), Eqs. ©0 give ~ m Hud > fi 2 . 
This pattern has two problems. One is that Eq. |3]) does 
not allow a solution with sufficiently large tan/3, and the 
other is that the hierarchy between m 2 H and leads 
to fine-tuning of 0(Nh /16tt 2 ) or larger. The first prob- 
lem can be addressed by making A„ smaller, leading to 
m H <C -C rrijj , while the second problem by mak- 
ing Ad and/or Nh larger, reducing the hierarchy between 
m 2 H and fi 2 . Note that the last two terms appearing in 
the RHS of Eq. (JSJ), m% and m H J tan 2 /?, are always 
of the same order regardless of the values of X U: d- Our 
proposal thus is to take 

K < (ii) 

The simplest pattern of Eq. (|1]) corresponds to tak- 
ing Ad ps 47r/ \/Nh, the largest possible value, with 
e = Xu^/Wh /Air. The value of Ad, however, need not 
be this large. As stressed before, without eliminating the 
"irreducible" top-stop fine-tuning, there is little point in 
increasing Ad in order to reach the "fully natural" pattern 
of Eq. Q. 

There are several constraints on how large we can make 
Ad at M. First of all, to have a very large value of Ad, the 
SUSY breaking sector must be strongly coupled; other- 
wise Ad hits the Landau pole just above M. Large Ad also 
strongly violates any parity invariance associated with 
hypercharge conjugation, leading to a possibility of in- 
troducing a too large Fayet-Iliopoulos (FI) contribution 
to m 2 at M. Finally large Ad implies large m H , so that 
depending on the value of tan /3, it may lead to a tachy- 
onic sbottom or stau. These issues, however, are model 
dependent, and they can be addressed in explicit models 
with the outcome that Ad can in general take any value 
up to fa Att/^/Nh [!• 

Several mechanisms can produce the hierarchy of 
Eq. (jlip . Since the hierarchy is not required to be larger 
than, say 0(10), perhaps the simplest possibility is to 
assume that it arises as an accidental hierarchy of di- 
mensionless numbers. Alternatively, a dynamical realiza- 
tion can be found by assuming that the SUSY breaking 
sector is strongly coupled and approximately conformal 
over a range of scales above M. In such a case, A Ui d are 
power-law sensitive to the anomalous dimensions of the 



operators Uj d, and a large hierarchy can naturally arise 
due to a small difference of these anomalous dimensions. 
This scenario has a dual realization in 5D AdS space. In 
that picture, the MSSM matter fields are localized on the 
UV brane, while the gauge and Higgs fields live in the 5D 
bulk and can directly couple to the SUSY breaking sector 
localized on the IR brane Q. The hierarchy between X u 
and Ad can then be explained by different localization of 
H u and Hd in the 5th dimension. 

Flavor and CP. Before moving to phenomenology, 
let us shortly comment on the SUSY flavor and CP prob- 
lems. Since in our framework the SUSY breaking param- 
eters are generated by gauge mediation and the direct 
Higgs couplings, they are automatically flavor universal 
at the scale M. The SUSY flavor problem is solved, pro- 
vided that low energy radiative corrections do not induce 
large flavor violation. One might worry that such correc- 
tions are present in our case, since m H , and tan/3 are en- 
hanced by powers of Xd/X u 3> 1. Through the RG equa- 
tions, the large rn H feeds in to the squark masses leading 

to (m£)« c l{m%% ~ In^. However, 

in the SUSY field basis where (y u ,d)ij are diagonal, the 
enhanced contribution to non-diagonal squark masses ap- 
pears only in the mass-squared matrix of the left-handed 
up-type squarks. It then follows that only nontrivial mass 
insertion parameters generated are ($ll)v- Since the ex- 
perimental constraints on these mass insertion parame- 
ters are rather weak, (S^ L )i2 p$ (10 _2 -10 _1 ), they do not 
lead to appreciable constraints on the theory. 

We now consider the SUSY CP problem. Suppose 
that the operator O u (Od) in Eq. (J7J) consists of a single 
term, so that there is only a single coupling A u (Ad). In 
this case, the phases of X u .d can be completely absorbed 
into the phases of H u ,Hd,Q and L. Therefore, if the 
SUSY breaking sector preserves CP, all the parameters 
generated, M a , m 2 , fi, B^, An u ,H d are real in the basis 
where A Mj d are real, solving the SUSY CP problem. Since 
it is fairly simple to construct SUSY breaking models 
that preserve CP, we find this solution very attractive. 
Note that in general CP invariance in the SUSY breaking 
sector is not enough to solve the SUSY CP problem; for 
example, the mechanism of Q does not solve the problem 
even if the SUSY breaking sector preserves CP. Here the 
structure of the couplings in Eq. |7]) automatically leads 
to a solution to the SUSY CP problem as long as the 
SUSY breaking sector does not violate CP. 

Basic phenomenology. The most distinct phe- 
nomenological consequences of our framework follow 
from the fact that m? H dominates all other soft terms. 
First of all, the mass of the OP-odd neutral Higgs, 
rn 2 A0 — 2 1 /i | 2 + rrvn + m H d > ^ s much larger than the weak 
scale and is likely beyond the reach of the LHC. Thus, 
the Higgs sector phenomenology corresponds to a special 
case of the so-called "decoupling limit" of the MSSM [Toj . 
For the scalar sector, we effectively see a one-Higgs dou- 
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blet model at the weak scale. On the other hand, the 
Higgsinos are relatively light since their masses are set 
by /i. Small /i implies a fairly light chargino, and in the 
case n < Mi, the lightest neutralino is Higgsino-likc. 

The hierarchy m 2 H <C mjj has also an important im- 
pact, via RG evolution, on the sfermion mass spectrum. 
The large value of rrijj will have the unusual effect of 
turning on a sizable FI D-term for U(1)y, which leads to 
new contributions in the low energy superparticle spectra 
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where Yj represents the hypercharge. In particular, the 
usual GMSB sum rules TrYm 2 = Tr(S - L)m 2 = 
(with the trace running over one generation) are not 
satisfied; the traces are not even RG invariant. Still, 
the relation TrYm 2 - §Tr(B - L)m 2 = predicted 
in general GMSB Q is approximately RG invariant for 
the first two generations and does not receive a correc- 
tion from the FI term. It then follows that the sum 
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is obeyed, 



while the traditional sum rule is modified to TrYm 2 ~ 
£^m 2 Hd \n-^-. Once the detailed superparticle spec- 
trum is known, the violation of this sum rule could point 
to large m| , which may provide another hint that our 
scenario is realized. 

For the third generation, the largeness of m# and 
tan/3 may significantly affect the RG evolution. In par- 
ticular, the left-handed squark and the right-handed 
sbottom b receive the correction 



1 



^L( m 2 Hd + \A Hd \ 2 )ln 
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and similarly for the left-handed slepton I3 and the right- 
handed stau f with yi, — > y T . In fact, for given values for 
the other parameters, this provides an upper bound on 
tan [3 from the experimental bounds on the masses of 
these particles, because yb, T — (mb,r/v) tan/3. 

Examples. In order to illustrate the features of low 
energy spectra, we have generated several example spec- 
tra using SuSpect flH|. a n d double-checked their consis- 
tency with SOFTSUSY 0. When studying GMSB spec- 
tra one needs to take into account the fact that GMSB 
models are often more constrained experimentally than 
generic MSSM models, due to the characteristic 2j + E x 
signature arising from the next-to-lightest SUSY particle 
(NLSP) decaying into the gravitino, Xi ~~ * G + 7. Teva- 
tron searches for this final state set an upper bound on 
the total cross section involving superparticle production, 
which can imply bounds as strong as m^o > 126 GeV for 

the neutralino and m~+ > 231 GeV for the chargino for 

^1 



a particular GMSB point (13J. More generally, this can 
be turned into a bound on the fi-Mi plane, as has been 
recently shown in 14| , which applies as long as the NLSP 
decays within the detector (which would generically be 



the case for low scale SUSY breaking as considered in 
this letter). 

Four explicit example spectra are presented in Ta- 
blelU The first example point (Ml) is the most conserva- 
tive: it uses minimal GMSB with very heavy stops (over 
1.4 TeV), where the Higgs boson is sufficiently heavy 
without any extra source for the Higgs quartic coupling. 
In this case, there is still a significant ("irreducible") fine- 
tuning arising from the top-stop contribution to vr? H . 
The second example (M2) has a somewhat lighter stop (of 
order 1 TeV) , with the gaugino and sfermion masses still 
following the pattern of minimal GMSB. The fine-tuning 
due to the top-stop contribution is reduced, but one may 
need to have a small extra contribution to the Higgs quar- 
tic coupling. In the last two examples, we deviate from 
minimal GMSB, and "squash" the sfermion spectrum 
by assuming different F/M values for the triplet and 
doublet messengers, using the notation A3 = (F/M)s, 
A 2 = (F/M) 2 , and Ai = x /(2/5)A^ + (3/5)A|. In this 
case the stop mass is lowered to around 400 GeV, and 
the fine-tuning associated with the ordinary little hierar- 
chy problem is strongly softened (the fine-tuning in this 
point is of order ss 10%). However, since the top-stop 
contribution to the Higgs mass is now reduced, a sizable 
extra contribution to the Higgs quartic coupling must be 
present. In all four cases, m 2 H is positive at the weak 
scale (although one can find examples where it is neg- 
ative), \x is small, and m^o (which is roughly equal to 
mH d ) is much larger than TeV. The presented examples 
should be considered as a proof of principle that our ap- 
proach to the fi-B^ problem can be consistently realized. 

Summary. We have shown that it is not necessary 
to reduce in GMSB models. Successful EWSB can 
be obtained with the hierarchy of Eq. (Q]), which can 
naturally arise if the Higgs fields are directly coupled 
to the SUSY breaking sector. EWSB can be achieved 
without turning rn 2 H ^ negative. This solution elegantly 
addresses the ii-B^ problem of GMSB, without reintro- 
ducing the SUSY flavor problem. The SUSY CP problem 
can also be addressed. Specific phenomenological predic- 
tions include a decoupled second Higgs doublet, relatively 
light Higgsinos, large violation of the traditional mass 
sum rule, and large corrections to the sbottom and stau 
masses. The scenario studied in this letter can be ap- 
plied to large classes of GMSB models, and is consistent 
with gauge coupling unification if the couplings X u ,d are 
not too large or are asymptotically free. We will further 
elaborate on various issues associated with the present 
scenario in the upcoming paper 
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TABLE I: Four sample spectra illustrating the features of our approach to the n-B^ problem, obtained using SuSpect. The 
first 5 columns define the input parameters. At the scale M, which we take to be twice the largest of A and Ah, the gaugino 
and scalar masses are given by Eq. while m% and Ah u d also receive contributions from Eq. (|9} with the coefficients +1 
(we set N — 4, Nh — 1 in all cases). For the M3 and M4 points we use the separate triplet and doublet scales A3 (left) and 
A2 (right) as described in the text. The fj, and parameters are computed from tan/3 and the electroweak scale v using the 
EWSB condition, whose values at M are consistent with Eq. (JSJ up to an O(l) factor. The remaining 9 columns are sample 
output parameters; m Hu and fi represent their values at the weak scale. Note that the spectrum is invariant under the rescaling 
of the input parameters A Uj£ j — > \ u ,d/ot, Nh — > a 2 Nn- 
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